Summary.
The immunocytochemical localization of amelogenins in the developing deciduous tooth germs of 6-month-old human fetuses was investigated by the protein A-gold method using an antiserum against porcine 25K amelogenin.
The inner enamel epithelial cells and underlying matrix showed no amelogenin-like immunoreactivity.
Distinct immunoreactivity was initially shown by fine fibrils found beneath the intact basal lamina of preameloblasts at the early differentiation stage. At the late differentiation stage, amelogenin-like immunoreactivity was shown by a fine granular material within the extracellular matrix as well as by the Golgi apparatus, secretory granules, lysosomal structures, coated vesicles, and coated pits of preameloblasts with a disrupted basal lamina. At the formative stage, the localization of immunoreactivity in secretory ameloblasts was similar to that in preameloblasts during the late differentiation stage. However, immunopositive coated vesicles and coated pits were only found at the early stage of matrix formation. The calcified enamel matrix and stippled material showed intense immunoreactivity.
Immunocytochemical labeling of the enamel matrix appeared as a gradient, decreasing from the enamel surface to the dentinoenamel junction. No maturation stage of ameloblasts existed in the tooth germs examined. In predentin and dentin, amelogeninlike immunoreactivity was occasionally detected on odontoblasts and their processes, but odontoblasts and cells of the stratum intermedium contained no immunoreactive elements.
These findings confirmed that the secretory ameloblast in the human deciduous tooth germ is responsible for the synthesis and secretion of enamel proteins.
Immature enamel contains a wide variety of proteins, collectively called enamel proteins, which are presently classified as follows: amelogenins (EASTOE, 1979) , enamelins (TERMINE et al., 1980) , calciumbinding proteins (FUKAE and TANABE, 1987) , sulfated glycoproteins (FUKAE, 1972; MIWA, 1980) and phosphorylated proteins (SASAKI et al., 1983) . Amelogenins comprise the bulk of the matrix at early developmental stages, and are rich in glutamine, proline, leucine and histidine. They are removed from the matrix after degradation through the action of proteinases (FUKAE et al., 1977; SHIMIZU et al., 1979) during the process of enamel maturation. Enamelins are known to be crystal-bound proteins (TERMINE et al., 1980) ; they are gradually removed from the matrix during maturation, although not as completely as are amelogenins (TERMINE et al., 1980) . The morphological aspects of the synthesis, secretory pathways, and extracellular localization of organic enamel matrix including enamel proteins have been investigated using radioautography in the rodent tooth system (WARSHAWSKY, 1966; WEIN-STOCK and LEBLOND, 1971; SLAVKIN et al., 1976) . However, this technique fails to clearly distinguish the biochemically classified enamel proteins, and it can not be applied to the human tooth germ. The recent progress of light and electron microscopic immunocytochemistry has enabled us to investigate the localization of biological substances with higher resolution and specificity. Using these techniques, the localization of enamel proteins in the tooth system has been studied in a number of disparate vertebrate species at the light microscopic level (GRAVER et al., 1978; HEROLD et al., 1980; SLAVKIN et al., 1982) , and in mice and cows at the ultrastructural level (NANCI et al., 1985; HEROLD et al., 1987; SLAVKIN et al., 1988) .
Although several biochemical and immunochemical reports have dealt with enamel proteins of the human tooth germ (FINCHAM, 1980; ROBINSON et al., 1981; DEUTSCH et al., 1983 DEUTSCH et al., , 1984 FINCHAM et al., 1983; ZEICHNER-DAVID et al., 1987) , no report has discussed the immunocytochemical localization of enamel proteins, except for a brief description by DEUTSCH (1989) at the light microscopic level. In the present study, we investigated the ultrastructural localization of amelogenin-like immunoreactivity in the deciduous tooth germ of the human fetus.
MATERIALS AND METHODS

Antiserum
An antiserum against amelogenin with a molecular weight of approximately 25,000 daltons (25K amelogenin) was raised in a rabbit by serial injections of purified porcine 25K amelogenin, the original protein secreted from porcine ameloblasts (FUKAE et al., 1980) , then emulsified with Freund's adjuvant. Amelogenins were extracted from the outer layer of porcine immature enamel by the method described previously (FUKAE et al., 1980) , and 25K amelogenin was purified using a recycling system with a Sephadex G-100 molecular sieve column in carbonate buffer (pH 10.8).
Further purification to remove trace amounts of contaminants (FUKAE and TANABE, 1985) was carried out by ion exchange chromatography using a highperformance liquid chromatography column of TSKgel DEAE 2SW (TOSOH) equilibrated by 6M urea and 50mM Tris (pH 7.0). In immunoelectrotransfer blotting of porcine immature enamel, this antiserum recognized both 25K amelogenin and lower molecular weight amelogenins which are assumed to be its partial degradation products (FUKAE et al., 1980; SHIMIZU and FUKAE, 1983) . The antiserum shows no cross-reaction with enamelins (FUKAE et al., unpublished data) .
Tissue preparation Deciduous tooth germs were dissected from two stillborn human fetuses (both at 6 months, one male and one female) and immersed in 4% paraformaldehyde plus 1% glutaraldehyde adjusted to pH 7.2 with 0.1M sodium phosphate buffer at room temperature for at least one day. After decalcification with 10% EDTA (pH 7.4) at 4t for several days, some of the tooth germs were postfixed with either buffered 1% 0504 or ferrocyanide-reduced 0504 (KARNOVSKY, 1971) for 1 h at room temperature, dehydrated with ethanol or N, N-dimethylformamide, and embedded in Epon 812. Other unosmicated tooth germs were dehydrated in graded N, N-dimethylformamide at progressively lower temperatures and were embedded in glycol methacrylate (GMA) at -20t (UCHIDA, 1985) . Ultrathin sections were cut and mounted on nickel grids and processed for immunocytochemistry.
Immunocytochemical labeling Ultrathin sections prepared from osmicated materials were pretreated with 10% hydrogen peroxide for about 5 min prior to immunolabeling. Sections of tissues embedded in GMA were immunostained without pretreatment.
The sections were immersed in phosphate-buffered saline (PBS) containing 1% bovine serum albumin (PBS-BSA) for 10-15 min. They were then transferred to the antiserum, which was diluted from 1: 500 to 1:1,000 with PBS-BSA, for 1 h at room temperature. After washing with PBS, the sections were incubated in protein A-gold complex diluted with PBS-BSA for 40 min. Preparation of the gold particles (average diameter 10 nm) and conjugation with protein A were performed according to the method by SLOT and GEUZE (1985) . After immunostaining, the sections were washed with PBS, rinsed with distilled water, and dried. Finally, the sections were stained with aqueous uranyl acetate followed by lead citrate.
Specificity control Immunocytochemical specificity was checked by the absorption test. Diluted antiserum was preincubated overnight at 4t with 25K amelogenin (10jig/ml) purified from porcine tooth germs as described above, and immune complexes were removed centrifugally before it was applied to the tissue sections.
RESULTS
The deciduous tooth germs of the two 6-month-old 
Inner enamel epithelial cells and preameloblasts
At the earliest stage of development, neither the organelles of the inner enamel epithelial cells nor the extracellular matrix showed any immunoreactivity. At the early differentiation stage, a distinct immunoreactivity was seen in GMA-embedded materials on fine fibrils beneath the intact basal lamina of the preameloblasts, though specific immunoreactivity was not found in Epon-embedded tooth germs (Fig.  la) . The Golgi apparatus of these preameloblasts was small in size and located close to the proximal or lateral aspect of the nucleus, while vesicles of various sizes and densities were present in the distal cytoplasm. However, none of the cellular organelles was clearly labeled (Fig. la) .
At the late differentiation stage, immunoreactivity was shown by the organelles of preameloblasts with disruption of the basal lamina. Golgi lamellae and vacuoles as well as a few dense granules around the Golgi apparatus were weakly labeled. Although there were many vacuoles, vesicles, and granules of various sizes and densities in the distal cytoplasm, only a few dense granules were immunoreactive (Fig. 1b) . Immunopositive multivesicular bodies also appeared at this stage. A very few gold particles were present on the nuclei, mitochondria, and rough endoplasmic reticulum. As the differentiation of preameloblasts into secretory ameloblasts progressed, the labeling of the Golgi lamella intensified. At the end of this stage, some coated vesicles and coated pits contained an electron-dense flocculent material which showed an amelogenin-like immunoreactivity. An electron-dense fine granular material that was accumulated in the extracellular matrix near the distal ends of the preameloblasts was intensely labeled (Fig. lb) . Such a material was sometimes found in the intercellular spaces between adjacent preameloblasts, between preameloblasts and the cells of the stratum intermedium, and around the odontoblastic processes located in the predentin (Fig. 4e) . Near the cell bodies of odontoblasts, fine fibrils showing amelogenin-like immunoreactivity were occasionally present in the predentin (Fig. 4d) . No immunoreactivity was detected at any stage in the intercellular spaces between adjacent odontoblasts or in the organelles of either odontoblasts or cells of the stratum intermedium.
Secretory ameloblasts and enamel matrix
In the secretory ameloblasts at the stage of matrix formation, the distribution of amelogenin-like immunoreactivity was very similar to that seen in preameloblasts at the late differentiation stage. The labeling of the Golgi lamellae and vesicles, condensing vacuoles, and secretory granules was obvious The enamel matrix (E) is intensely labeled. The enamel matrix adjacent to the secretory face (SF) of a Tomes' process shows less intense immunoreactivity (asterisks). NF non-secretory face. Eponembedded tooth germ. X30,000 Fig. 3 .
Legend on the opposite page.
( Fig. 2) . Multivesicular bodies showed various intensities of immunoreactivity, while nuclei, mitochondria and rough endoplasmic reticulum were devoid of such (Fig. 2) . Tomes' processes contained many dense granules, tubulo-vesicular structures, coated vesicles, and coated pits. Some of the dense granules were labeled while others were not (Fig. 3) . At the early stage of matrix formation, the coated pits and coated Fig. 4 . Amelogenin-like immunoreactivity of the enamel matrix (a-c) and immunoreactivity associated with odontoblasts (d-f). a-c were taken from a single section of the incisal edge, where the thickness of the developing enamel measures about 100 um, of an Epon-embedded lower central incisor. a, b and c show the surface layer, middle portion, and deep layer of the enamel, respectively. The density of immunolabeling and the electron density of the enamel matrix decreases as one goes from near the Tomes' process (TP) to the deeper portions. Note the rod sheath (RS) showing intense immunoreactivity (c). a-c: x 47,000. d. Immunoreactivity is shown by fine fibrils (arrows) located near an odontoblast (OB) before the matrix formation of enamel has occurred. x53,000. e. Granular material with intense amelogenin-like immunoreactivity around an odontoblastic process (OP) in predentin (PD) just after a layer of immature enamel has been laid down. x50,000. f. A dentinal tubule located in dentin (D). Fine granular material, which resembles stippled material, showing intense amelogeninlike immunoreactivity fills the dentinal tubule. OP odontoblastic process. X31,000. d-f were taken from GMA-embedded tooth germs.
vesicles of the secretory ameloblasts whose Tomes' processes were not yet fully developed sometimes showed immunoreactivity (Fig. lc) . Both the enamel matrix and stippled material located along the plasma membrane of the Tomes' processes showed intense amelogenin-like immunoreactivity (Figs. lc, 3) . The labeling of the stippled material was uniform, while that of the enamel matrix displayed a peculiar pattern. Decalcified rod enamel showed a decrease in electron density when progressing from near the Tomes' processes to the deeper portion of the enamel (Figs. 4a-c) . There was a similar decreasing gradient in the density of the labeling of the matrix of rod enamel from the enamel surface to the dentinoenamel junction (Figs. 4a-c) . In contrast, the rod sheath remained intensely reactive even in the inner layer of the enamel (Fig. 4c) . Just beneath the putative secretory faces of the Tomes' processes was a thin layer (0.2-0.3jim) of enamel matrix showing rather weak immunoreactivity (Fig.  3) . This layer was not observed along the nonsecretory faces of the Tomes' processes (Fig. 3) .
The dentin matrix itself was mostly devoid of amelogenin-like immunoreactivity. However, there was weak immunoreactivity in the dentin matrix in contact with the enamel matrix.
Accumulations of electron-dense, fine granular material showing intense amelogenin-like immunoreactivity were occasionally found in dentinal tubules (Fig. 4f) .
Specificity control
When the anti-amelogenin serum was absorbed with purified porcine 25K amelogenin, only a very few randomly distributed gold particles were seen in the specimens, including those of the enamel matrix.
DISCUSSION
This study demonstrated the distribution of amelogenin-like immunoreactivity in developing human deciduous tooth germs. The ultrastructural localization of immunoreactive amelogenins at the stage of matrix formation generally coincided with that in the mouse and the cow (NANCI et al., 1985; HEROLD et al., 1987) . The Golgi apparatus and the secretory granules within the secretory ameloblasts, as well as the extracellular enamel matrix, showed distinct immunoreactivity.
Other cells, including odontoblasts and cells of the stratum intermedium, contained no immunoreactive elements. Control experiments using antigen-absorbed antiserum resulted in no specific staining. Although we have no immunochemical data on the specificity of this antiserum against human enamel proteins, previous immunochemical and immunohistochemical studies have demonstrated an extensive cross-reactivity between amelogenins of a variety of mammalian species (HEROLD et al., 1979; ZEICHNER-DAVID et al., 1987; DEUTSCH, 1989) . Sequencing studies have shown that there is a high degree of sequence conservation in amelogenins derived from bovine, porcine and human specimens (FUKAE et al., 1980; FINCHAM et al., 1983; TAKAGI et al., 1984) . It is thus most probable that the anti-porcine amelogenin serum used in this study recognized human amelogenins. Consequently, our present findings confirmed that the secretory ameloblast in the human deciduous tooth germ is responsible for the synthesis and secretion of enamel proteins as it is in other species.
At the differentiation stage, biochemical, immunochemical, and immunocytochemical methods have shown that proteins with amelogenin-like immunoreactivity synthesize and secrete into the extracellular matrix by preameloblasts associated with an intact basal lamina in the incisor and molar tooth germs of the mouse (SLAVKIN et al., 1988) . In human deciduous tooth germs, distinct amelogenin-like immunoreactivity was initially shown by fine fibrils beneath the intact basal lamina of the preameloblasts at the stage of early differentiation.
These results coincide with those of SLAVKIN et al. (1988) , and indicate that the time of initial biosynthesis and secretion of enamel proteins in the ameloblast is similar in humans and rodents. However, none of the cell organelles of the preameloblasts with intact basal lamina showed a clear amelogenin-like immunoreactivity; the reason for this is unknown. One possible explanation is the degree of sensitivity of immunocytochemistry. It is well known that tissue preparation processes such as fixation, dehydration, and embedding can alter tissue components, and reduce or sometimes eradicate the antigenicity of the tissue. Thus, it is possible that the amelogenin-like immunoreactivity of the cell organelles in preameloblasts during early differentiation was too weak to detect after tissue processing. Further studies are needed to establish the time of initial biosynthesis and secretion of enamel proteins in the human ameloblast.
It has been proposed, on the basis of the localization of acid phosphatase activity, that ameloblasts in the stages from differentiation to matrix formation perform not only secretory but also resorptive functions (KATCHBURIAN and HOLT, 1969; SMITH, 1979; OZAWA et al., 1983) . The uptake of exogeneous horseradish peroxidase (KALLENBACH, 1980; OZAWA et al., 1983; SASAKI, 1984) in the rat incisor has also supported this concept. NANCI et al. (1985) ) have shown the presence of enamel protein-like immunoreactivity in some lysosomal structures, suggesting that resorption occurs in the secretory ameloblast of the mouse incisor. In the present study, lysosomal structures having amelogenin-like immunoreactivity were found in both the secretory ameloblasts and the preameloblasts at the late differentiation stage. Furthermore, immunopositive coated vesicles and coated pits were occasionally found in preameloblasts at the late differentiation stage and in secretory ameloblasts during early matrix formation. These findings support the view that ameloblasts resorb some enamel proteins in order to regulate enamel formation (NANCI et al., 1985) . In contrast, in the secretory ameloblasts with fully developed Tomes' processes, no immunoreactivity was shown by the coated pits, coated vesicles and tubulo-vesicular structures, all of which have been suspected of being engaged in resorption (KALLENBACH, 1980; OZAWA et al., 1983; SASAKI, 1984) . Since the anti-amelogenin serum used in this study recognizes only some of the enamel proteins, these results do not unequivocally mean that secretory ameloblasts with Tomes' processes have no resorptive function. It must be taken into consideration that the resorptive functions of preameloblasts and secretory ameloblasts vary qualitatively and/or quantitatively according to their differentiation. Biochemical analyses of immature enamel matrix have demonstrated that there is a reciprocal loss of protein and an increase in mineralization even in the early stages of tooth development (BURGESS and MACLAREN, 1965) . At the formative stage in bovine tooth germs, FUKAE and SHIMIzU (1974) showed that the protein content was 32% by volume in the surface layer of the enamel and decreased to less than 20% in the inner layer, while the mineral content increased from 15 to 27%. Biochemical data have also shown that amelogenins are degraded by enzymes (FUKAE et al., 1977; SHIMIZU et al., 1979) and selectively removed during the processes of biomineralization and enamel maturation (FUKAE and SHIMIZU, 1974; EAS-TOE, 1979; ROBINSON and KIRKHAM, 1985) . Our present study demonstrated that the electron density of the matrix and the labeling density of amelogeninlike immunoreactivity showed similar decreasing gradients from the surface to the dentinoenamel junction in the enamel matrix at the formative stage. It seems reasonable to assume that the electron density represents the contents of the organic materials and the immunoreactivity reflects the amount of 25K amelogenin puls the partially degraded amelogenins (SHIMIZU and FUKAE, 1983) which are still reactive to the anti-amelogenin serum. Thus, the present results, together with those of previous biochemical studies (FUKAE and SHIMIZU, 1974; FUKAE et al., 1980; DEUTSCH et al., 1984) , suggest that protein loss during the formative stage is mainly due to the loss of amelogenins, and that enamel maturation progresses continuously even in the formative stage in the human deciduous tooth germ. We also demonstrated that the intensity of the amelogenin-like immunoreactivity of the enamel matrix declined in the direction of the dentinoenamel junction.
Previous immunoelectron microscopic studies have not shown similar results (NANCI et al., 1985; HEROLD et al., 1987) . In particular, HEROLD et al. (1987) reported that the amelogenin-like immunoreactivity of stippled material, the surface layer of the enamel matrix, and the enamel matrix to a depth of 50um was similar in fetal bovine tooth germs. The reason for this difference between the present and previous (NANCI et al., 1985; HEROLD et al., 1987) results is not clear. One possible explanation is a species difference. We have recently found that the amelogenin-like immunoreactivity of the developing enamel of the rat incisor shows no definite pattern, whereas that of the pig shows a distinct gradient like that found in the human fetus (UCHIDA et al., unpublished data) . Another possible reason for the difference is a variation in the specificity of the antiserum used. Immature enamel contains heterogeneous proteins having various molecular weights, amino acid compositions, solubilities, and calcium binding properties. It is unlikely that these various proteins are distributed homogeneously in the enamel matrix. Therefore, it seems reasonable to assume that different antisera having different specificities will produce different staining patterns of the enamel matrix. Further immunocytochemical and immunochemical studies using other antisera may resolve this point.
Our results, together with those of previous biochemical studies (FUKAE and SHIMIZU, 1974; FUKAE et al., 1980; DEUTSCH et al., 1984) , suggest that amelogenin, disappear gradually from the enamel matrix at the stage of matrix formation, though direct evidence indicating their route of removal is lacking. It seems likely that secretory ameloblasts play a crucial role in the removal of amelogenins from the matrix because of the active uptake of exogeneous proteins which is known to be performed by the secretory ameloblast (KALLENBACH, 1980; SASAKI, 1984) . In this study, intense amelogenin-like immunoreactivity was found in some dentinal tubules. Although the functional significance of this observation is still unknown, we speculate that amelogenins may be removed through the dentinal tubules.
Addendum
After submission of this manuscript, this journal published an excellent paper by T. IMAGE, H. SHIMO-KAWA, Y. TERANISHI, T. IWASE, Y. TODA and I. MORO titled "Immunocytochemical demonstration of amelogenins and enamelins secreted by ameloblasts during the secretory and maturation stages" (Arch. Histol. Cytol. 52: 213-229, 1989) . The authors observed the ultrastructural localization of immunoreactive amelogenins and enamelins at the stages of differentiation, matrix formation, and maturation in the rat incisor. Although we examined tooth germs of the human fetus, our results generally coincide with theirs. SASAKI, S., H. SHIMOKAWA and K. TANAKA: Biosynthesis
